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Description 

BACKGROUND OF THE INVENTION 

SLIT? Pr6S f 01 Z**™ felateS 10 th6 ,0rma,i0n 0f die,ectric la V ers durin 9 fabrication of integrated circute on 
•mmfac or wafers. More particular*, the present invention relates to a method for providing a dieLtric film having 

?00^ o r Stant ,hat iS PartiCUla ^ USe,U ' 38 3 premetal °' ^electric «ayer. ' 
MxS^L sZT^T jn *? 1 abfiCati0n ° f m0dem semiconductor devices is ■» nation of a thin film on 
Lno^L ,n ^ y hem ' Cal feaCt ' 0n ° f 9ases - Such a deposition process is referred to as chemical vapor 

induced chemical reactions take place to produce a desired film. Plasma enhanced CVD techniques on the other 
wTve e P :Z 6 ruTT diSS0Ciati ° n ° f ,he 9ases by ap P ,icali °" ° f rad '° f requeU iRF) orn^c o 

pTe and II oS 7*"^ °h !" "'^ ^ ,he ™» for a chemical «*" •» take 

rnnnoi required temperature for such PECVD processes 

ducel^T^r 10 ' *"? ! 9e ° metries have dramatically decreased in size since such devices were first intro- 
featuS^ 

educe Z l- TZZTr, P T T, m te Pr ° dUCin9 deViC6S haVi " 9 eVe " Sma,,er 9eometri - ord - to furtne^ 
esisfivit! and fn° 1? h " h3S beC ° me neCeSSa,y t0 USe conduc,ive materials having low 

Z^j2i?SS,T" ,g 3 ^ tfiC COnStant L ° W die,eC,riC C ° nStant filmS ^e particularly desirab^ for 
metS I f ( , D) yefS ' ntermetal di8,eC,ric (IMD > la y ers 10 reduce the RC time delay of the interconnect 
tTcTu^d I ^ss-ta.k between the dBferent leve.s of metalization, and to reduce devL power consump 
" as about 4 0 or 4 ^'on ' P °h T m ^ CM °°* CVD ^hniques may have a dielectric constant (k) a's 
oxTde fifm F ^^uorineln.H li ^' 03 ? ,* mg 3 '° Wer dieleC,ric cons,ant is to i^'ate fluorine in the silicon 
dTel^co^rr^ T °o fi ' mS (alS ° fe,erred ,0 38 f,Uorine silicate 9lass or -" FSG " «"») ™y have a 

f °r f D6SPite ,hiS im P~t. films having even lower die.eclric Constants 

have been dev^^^^ 

oxlne HSiO T^nH v T °. meet ,h6Se " eedS inC,Udin9: a s P in ™ 9lass called HSC > (hydrogen silsesqui- 

30 (sTo-CHayT US ' n9 ^ ° r9anosilane P recursor and ox V9en to form a siliconoxygen-carbon 

Sw" ndS^ ? T" ."T m USefUl f0r SOme apP ' icati ° nS ' manufacturers are a.ways seeking 

^In, T I depositing low-k materials for use as IMD and other types of dielectric, layers For 

flTe P nd s ^ h T ,0 " < em P erature ' a si,ic °" -rbon or SiO-C film te often quite porous. Con equen y the 
ow SS mlZ , m H? re - ^ abS ° rbed m ° iStUre 9enefa,ly d69rades the P^ 8 °« ^e film. In the case o a 
I Zom^lV? r 0 " 386 die ' eCtriC COnStan, ° f the fi,m and is de,rime "tai fo film adhesion. The porosrt" 

Zo^aZ to ZT e PfeV T ly d t SCfibed thSrmal CUre ' HOW6Ver ' if ,he CUre is P ertormed ^ ^e film is" 
exposed tor a time to moisture from the ambient atmosphere. 

SUMMARY OF THE. INVENTION 

mfth!L J? meth ° d ° f the PreS6nt inV6nti0n provides a new and im P rov ed post-deposition treatment process The 
.Tel. 1 6 h PreSe k inVen,i ° n deP ° Si,S 3nd d6nSi,ieS and CUres an in-feting layer. The P os,-de P oTon densTcaJ n 
^S^rST 8 ' ^ redUdn9 Shfinkage °' ,he deP ° Si,ed film - The P-t-deposition denslca io" 

Immon t fo a n ? f T^ 6 " 1 ' ° ne embodime "t. >he deposited film is treated in a reducing environment of 

ammoma for approximately 1 to 5 minutes at a temperature of approximately 400° C. Curing can be done in eTher a 

Z^Z ZiZTT ,U T aCG enVir ° nment denSifiCati °" iS P artiCU,a " ,y useful «* enhancing the st n bi t y : a 
Hm that is to be cured ex-srtu, i.e. after removing the substrate from vacuum 

K! L JTno JSfESi H e f nefiCial '° r fi,mS deP ° Sited by 3 ' '—-P-ature CVD process. In one embodiment. 
Son^ 

? ome 'LboSlS ' deP ° S " Pr ° CeSS ' ,hG SUbStra,e iS hea,ed 10 3 temperature less than about 250'C. 
in some embodiments, the organos.Hane precursor has a formula of Si(CH 3 ) x H 4 , where x is either 3 or 4 makina the 

ZlthThH^^^^^ ° f te —thylsilane (T4MS) In other embodiments h^s a 

.rn!^ r ^ P ° X ' de ' ayer iS dep ° Si,ed is neated 10 3 temperature of between about 100-200°C and 

he ^position ,s earned out in a vacuum chamber at a pressure of between 1 -760 Torr 

H h h 6 r, th ° d iS Particularly useful in the manufacture of sub-0.2 micron circuits as it can form a PMD or IMD 

a d S^rSiZS^h^ fi ' m 9 °° d ^ capabilities ' hi9h Ability and etches un o m^ 
forlrJahS V£Z T k f 31 mecnan1cal P° lishi "9 (CMP) step. The method is particularly useful when 
for throughput reasons, the substrate containing the deposited film is removed from vacuum for curing in a furnace 
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i tw h th.r smbodiments of the present invention, as well as its advantages and features, are described 
[00081 These and other embodiments oj mu w . H fin ,. res 

[ n more detail in conjunction with the text below and attached f.gures. 



BRIEF DESCRIPTION OF THE DRAWINGS 
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[0009] 

Figs, i A and 1B are vertical, cross-sectional views ot one embodiment ol a chemical vapor deposition apparatus 
aocordhptotrtoprr^ntinvenacn, llhe CTD cham ber depicted in Fig. 1* 

^JXtS^- S™ _ » * a mu,«hambe, s y «, M ma, 

^^^SSTS.,* di.gr™ o, the hi.nard*,, con.,0, structure o, the svs.em oonho, so»war.. 
^^aZ^^ar^^^^^^•^ n, 

^"nTu^ 

inUdan* with a particular „,e ,., , c.rbo„*ped silicon »xW 

2? toTdPowehart Pro Ration - Or. rormarion C a camonOop.d *« 

Fig 1 1 b is a cross sectional view of an ^>^^T^^S^ 9 o{ present invention; 

r^tS^SnS formed integrate, Crcuit undergoing an integrated d uaW a- 
mascene process according to an embodiment of the present invent.on. 
AS DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
I. Exemplary CVD System 

[M1 „, O„e,u, B 0,eCVD W ar,,u sr ^^^^ 

are siren in exploded, pnrspeclive views in Flos. 1 C : and ID gases ,oa substrate (not shown) 

sZtl'ncludes sensors lo, providing information on the posilion C ,h. waters. 
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^IXZ^l^S^oTT !? Ch3mber 1 = ,hr ° U9h Perf ° rated h0les 13b ^ ^ « a 
chamber through t^^S^TS^SS* ^ Pr0CeSS 93568 fl ° W "* 

P'^a^ 

ES (5*5 El^^SSE "* 93SeS inPUt <r0m 93S "~ 7 *»* gas supp* 
line for each process bIESSS seTe raSTh f " d ,hen ^ ,0 m3ni, ° ,d 11 " General * the ««* 
manual* shut-off the flow oTSiSS h !£" M Sh ° Wn) ^ Ca " be USed l ° a «<*''y or 

the flow of gas through I» Zl 1 , (U) ™ SS "° W COntrol,ers < als ° not shown ) ** measure 

arepos^ 

faceplate 13a and the P eS sol to e T e ^ 

betweenthefaceplate T?< T™ * ^ ^ *" r ^ 0n 

of the plasma react to deposit adS^^IX f hereln asthe ,reac,i °" ^gion"). Constants 

power supply 44 is a mixed f requen« RF , J * semiconductor wafer s "PP°«ed on pedestal 12. RF 
13.56 MHz and at a I^Sft2SSSL^ ^ ¥*"* SURP ' ieS POWer * 3 high RF *«W *F1 ) of 
into the vacuum cIw^bTS^dSSS^S *" decom P° si,ion - rea «=«ve species introduced 

mixture thermally reacts *^XEj^*J?^ ""l" ^ M be 3 " d the pr0Cess ^ 

• LmL Sn^^^ ,r3nS,er ' iqUid is circu,ated the walls 15a of the process 

gas phase 'T™*™ * ^ ^ 

(passages IS) is shown in Fig 1 B The pas Joes in ^ r ! *? ha f ^^"B P 3883 ^ in <" e '« of chamber 15 

25 to heat the chamber walls 15a include Z I 9 , « , remalnder of chamber walls 15a are not shown. Fluids used 
transfer fluids. This hSng Jef e2 , 0 as ^ T^"* e,hy ' ene ^ w 0 "- b3Sed ,hermal 

- ^^^^ 

shaped orifice 16surrou^n^ ^ 93868 3re exhaus,ed *rough an annular, slot- 

Plenum 17 are defined by the qao be win mT, 75" f™""" eXh3USt P ' 6nUm 17 The annular slot 16 a ^ the 
dielectric lining19ontheLlha^ 15a (including the upper 

« of the s.o, orffice 16 aSHZ^^^^*^ " d 2a The 360 ° Ocular symmetry and uniformly 
a uniform film on the wafer. acmeve a uniform flow of process gases over the wafer so as to deposit 

Tpast . F S5 ^WiSj^ ""^ 3 ' 3teral eXte " Si0n P0rti °" 21 °< the —« P'-um 
(whose body is integrated w h °^^^^^^ P 3883 " 23 ' p3S ' 3 V " *alve 24 

« pump (not shown) ^ 

form of parallel concert* cWe^oI nnT ^ elemenl COnfigUred 10 make ,wo fu " turns in ,ne 

Platter, whi.e an inner poSuns on 2 LTZ 2 IT* ^ 3dj3Cent * 3 perime,er °' ,he ^ 

element passes through the stem rt he 3 ' O0C T entrlC , C,rcle havin 9 a The wiring to the heater 

faceplate" and various othe feZo ^iTe tl L ^ " 3 " ° f the Chamber ,ining ' gas in,et mani,old 
ceramic. An example of such a CvS «Sl « i n k ,° ° f m3,er ' 31 SUCh 35 a,UminurT, • anodized alur " in ^. °r 
ber,- issued to Zhao a TlLss^^ * *L °* P3,en ' 5 ' 558 ' 717 en,i « ed "CVD Processing Cham- 
invention, and is hereby ^"ilSS; ^ ^ ^ - ^ ° f ^ ^n. 

insertion/removal opening ^e^^^lj ^ "T? ^ ' *** ^ Sh ° Wn) thr ° Ugh an 
processing position 14 and a lower wl be H Chamber . 15 - Tne mo,or 32 raises and lowers pedestal 12 between a 
supply lines 8, m^^iSZ^i?*™ ^ ^ ° f f '° W CO " trol,ers —ted to the 

heal exchangers H1 hI ITZ o^ \ ^ ^ ^ ^ Chamber " Subs,rate hea,in 9 ^em and 
are shown. Control 1 M 72 s Ti^l i SyS,em , C °? tra,ler 34 < Fi 9' 1 9> ™ -n.rol lines 36, of which only some 

assemblies such ^t^^£^^° P ^. T"" '° *" P ° Si,i ° n °' m ° V3b,e mecbanical 

controller 34 3nd SUSCep,0r M are moved "y appropriate motors under the control of 
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[0020] In a preferred embodiment, the system controller includes a hard disk drive (memory 38), a floppy disk drive 
and a processor 37^ The processor contains a single-board computer (SBC), analog and digital input/ouput boards, 
interface boards and stepper motor controller boards. Various parts of CVD system 10 conform to the Versa Modular 
European (VME) standard which defines board, card cage, . and connector dimensions and types. The VME standard 

s also defines the bus structure as having a 1 6-bit data bus and a 24-bit address bus. 

[0021] System controller 34 controls all of the activities of the CVD machine. The system controller executes system 
control software, which is a computer program stored in a computer-readable medium such as a memory 38. Preferably, 
memory 38 is a hard disk drive, but memory 38 may also be other kinds of memory. The computer program includes 
sets of instructions that dictate the timing, mixture of gases, chamber pressure, chamber temperature, RF power levels, 

10 susceptor position, and other parameters of a particular process. Other computer programs stored on other memory 
devices including, for example, a floppy disk or other another appropriate drive, may also be used to operate controller 
34. 

[0022] The interface between a user and controller 34 is via a CRT monitor 50a and light pen 50b, shown in Fig. 1 E, ' 
which is a simplified diagram of the system monitor and CVD system 10 in a substrate processing system, which may 

is include one or more chambers. In the preferred embodiment two monitors 50a are used, one mounted in the clean 
room wall for the operators and the other behind the wall for the service technicians. The monitors 50a simultaneously 
display the same information, but only one light pen 50b is enabled. A light sensor in the tip of light pen 50b detects 
light emitted by CRT display. To select a particular screen or function, the operator touches a designated area of the 
display screen and pushes the button on the pen 50b. The touched area changes its highlighted color, or a new menu 

20 or screen is displayed, confirming communication between the light pen and the display screen. Other devices, such 
as a keyboard, mouse, or other pointing or communication device, may be used instead of or in addition to light pen 
50b to allow the user to communicate with controller 34. 

[0023] The process for depositing the film can be implemented using a computer program product that is executed 
by controller 34. The computer program code can be written in any conventional computer readable programming 

2S language: for example, 68000 assembly language, C, C++, Pascal, Fortran or others. Suitable program code is entered 
into a single file, or multiple files, using a conventional text editor, and stored or embodied in a computer usable medium, 
such as a memory system of the computer. If the entered code text is in a high level language, the code is compiled, 
and the resultant compiler code is then linked with an object code of precompiled Windows™ library routines. To 
execute the linked, compiled object code the system user invokes the object code, causing the computer system to 

.30 load the code in memory. The CPU then reads and executes the code to perform the tasks identified in the program. 
' [0024] Fig. 1F is an illustrative block diagram of the hierarchical control structure of the system control software, 
computer program 70, according to a specific embodiment. Using the light pen interface, a user enters a process set 
number and process chamber number into a process selector subroutine 73 in response to menus or screens displayed 
on the CRT monitor. The process sets are predetermined sets of process parameters necessary to carry out specified 

35 processes, and are identified by predefined set numbers. The process selector subroutine 73 identifies (i) the desired 
process chamber and (ii) the desired set of process parameters needed to operate the process chamber for performing 
the desired process. The process parameters for performing a specific process relate to process conditions such as, 
for example, process gas composition and flow rates, temperature, pressure, plasma conditions such as RF power 
levels and the low frequency RF frequency, cooling gas pressure, and chamber wall temperature. These parameters 

40 ale provided to the user in the form of a recipe, and are entered utilizing the light pen/CRT monitor interface. 

[0025] The signals for monitoring the process are provided by the analog and digital input boards of the system 
controller, and the signals for controlling the process are output on the analog and digital output boards of CVD system 
10. 

[0026] A process sequencer subroutine 75 comprises program code for accepting the identified process chamber 
45 and set of process parameters from the process selector subroutine 73, and for controlling operation of the various 
process chambers. Multiple users can enter process set numbers and process chamber numbers, or a user can enter 
multiple process set numbers and process chamber numbers, so the sequencer subroutine 75 operates to schedule 
the selected processes in the desired sequence. Preferably, the sequencer subroutine 75 includes a program code to 
perform the steps of (i) monitoring the operation of the process chambers to determine if the chambers are being used, 
50 (ji) determining what processes are being carried out in the chambers being used, and (iii) executing the desired process 
based on availability of a process chamber and type of process to be carried out. Conventional methods of monitoring 
the process chambers can be used, such as polling. When scheduling which process is to be executed, sequencer 
subroutine 75 takes into consideration the present condition of the process chamber being used in comparison with 
the desired process conditions for a selected process, or the "age" of each particular user entered request, or any 
55 other relevant factor a system programmer desires to include for determining scheduling priorities. 

[0027] Once the sequencer subroutine 75 determines which process chamber and process set combination is going 
to be executed next, the sequencer subroutine 75 initiates execution of the.process set by passing the particular process 
set parameters to a chamber manager subroutine 77a-c, which controls multiple processing tasks in a process chamber 



5 



EP 1 077 479 A1 



20 



25 



30 



35 



40 



45 



50 



55 



2^^cSS^tZS2 6 sequencer subrou,ine 75 For examp,e ' *° ch3mbef ma " a ^ 

control operation o»Te Z^^^TnT T"™ °' Vari ° US Chamber COmponen, subrou,ines ** 
^ component sub roJines ^SSoni^T 0 ', 77 °* ^ Se,eC,ed Pr0C6SS B-t &an **» of chambe ' 
subroutine 85. heater^! sSinTsy ^ T "* 8 °' PfOCeSS 938 SUbroU,ine 83 " P fessure contro ' 
will readify recogn Je that ctamhar ™? f t"? C ° n,f01 SUbf0U,ine 9 °- Th ° Se haVi " 9 0rdinaf y skil1 in the art 
performed in the p^es ZZ^^ZETZ T ^ ^ ^i" 9 °" pfOCeSS6S 3re to be 
calls the process c^oonenT^hl ° perat,on ' the ™ahager subroutine 77a selectively schedules or 

- manager ^ aCCOfdance With the " artici ^ P™~ - b-hg execut J The chamber 

ulesvLhproceT^ 

77aincludeLeps<rftoS 

based on the process ^^^T^ ^ <X ^ 8nte> de,erminin 9 ^ich components heed to be operated 
^ —e4~=^ 

s"sL^ 

«hesubs«LontoSM 2 aSrCiv ^ 9C ^ e,C ° MteafeUMdtokad 
spacing between the suSrate^n^ T?Z?h ^ ? ^ SUbstra,e to a desired ^ight in the chamber 15 to control the 

cLber 15. pedesS 5T to nllS^T " When ' 8UbStr3te iS '° aded into ,he «*~ 

height in the chambS. £SJ£ su^te SSSf ^ ,hereafter, SUSCep, ° r 12 iS raiSed ,0 *° desired 
the CVD process. In operaZ the 1 " ° f 8P3Cln9 ,r ° m ,he 933 distfib »«°" manifold during 

to procesi set paranXS.2 to SSS^S^ ? ^ 8 ° C ° htr ° ,S m ° Vement °' pedestal 1 2 i(1 res P°" se 
[0029] Thep'c^s;^ 

rates. The process gas control subrouthe 83 cental S C ° ntr °" ,n9 Pr0C6SS 938 com P ositi °n and flow 

ramps up/down the mass flowcont^!! , 1 ^ °P en/cl °se posrtion of the safety shut-off valves, and also 

is invoked by ^Z^^!^^ f '° W The P rocess 9 as «-* ^routine 83 
the chamber manage sub ^Z^^LZVX TT" s ^'^ and f ™m 

control subroutine 83 operates b^ Ten* qTS^2?f h 851 "* 938 f '° W ra,eS TypiC3 " y ' * e process 9 as 
controllers, nn ecn»»„*. ll" 'l** & . Pp,y " neS 3nd re P eated, V fading the necessary mass flow 

and (Hi) adjus ing the Z ^Js X!VZ su^T ^ SUbfOU,ine 77a ' 

83 included steps for m^^oTtZS^E " TT* FUrtherm0re ' ,he process B» «W subroutine 
an unsafe condrtion is detect 9 ° f UnSafe ' 3,eS a " d ,0r aCtivatin 9 ,he safet V valves when 

Ke\^^^ 

S3 is pnJZSS; ■r*** l . F «*~. Processes, the process gascontrol subroutine 

stabilize the pressure ^cJ^iSST!, °? "* *" 1 5 ^ am ° Unt ° f ,ime necessai V to 

scribed above would be SI « ? ! reaC,am S ° that there is a unitorm reaction - Then the steps de- 
example. JSSZt^ Ze ,^sT^l " 3 PrOCeSS 938 " ,0 bS Vap ° ri2ed ,r ° m 3 pre — ■ ^ 
a delK^ery gas, such as him ITl lie .b T ^ COntr0 ' SUbf0U,ine 63 iS W " tten t0 include ste P s f °' bubbling 
as hellum ^A^SjKK^ bubbler assemb.y or introducing a carrier gas, such 

CSla^ ^ controlling the pressure in the chamber 1 5 

of the throttle valve is set to conZl th! ,h T SyStem ° f the chamber The size °< 'he opening 

size of the proci ^^bt and p mptn 2^"" * !" deSifed re ' ati ° n ,0 ,he t0tal process 9 a ' «°w 

.routine 85 is invoked .I^T^^^^^^"^ SyStem ' When the P ~ ™™ 
subroutine 77a. The pressure con rol \mZ T 0e,Ved 38 3 P arameter < f °™ the chamber manager 

one or more conve^S 1^ anl2s r T? T'*™* ** in the chamber 15 b V ^ 

target pressure, to oWaTpEZiSlT^r"^ '° COmpare the me3SUre V3,ue ( s ) to fne 

to the targe, pressure and 1 1^2?', Va ' UeS h0m 3 stored P res ^^ tab.e corresponding 

Altem a tive^LpreL r « ,0 ,he PID V3lues ob « a ^ d from the. pressure tab.e 

size to reguLe th'e c^ZT^tTs^ 

chamber manager subroutine 77a and receive TT ? , COnM subfoutine 87 is a^o invoked by the 

routine 87 measures the temperature tZ ^ ' " S ^° ml ,empera,ure parame ^ The heater control sub- 
15, or lid assembly 15 ^laZd emL T "f! °' 8 therm0couple located * pades.a.1 2 chamber 

ing current applied to the Z^Tto^t^T'T ,0 *" tem P erature . and increasing or decreas- 

ured voftage by looking upthf 3esDondin a T ,emper3ture The temperature is obtained from the meas- 
V K,nau P ,heco ^ P ond 1 ngtemperature,nastored C onversiontable,orbycalculatingthetemp e rature 
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using a fourth-order polynomial. When, for example, an embedded loop is used to heat pedestal .1 2, the heater control 
subroutine 87 gradually controls a ramp up/down of current applied to the loop. Additionally, a built-in fail-safe mode 
can be included to detect process safety compliance, and can shut down operation of the heating unit if the process 
chamber 15 is not properly set up. 

5 [0033] The plasma control subroutine 90 comprises program code for setting the low and high frequency RF power 
levels applied to the process electrodes in the chamber 1 5 and for setting the low frequency RF frequency employed. 
Similar to the previously described chamber component subroutines, the plasma control subroutine 90 is invoked by 
. the chamber manager subroutine 77a. 
[0034] The above reactor description is mainly for illustrative purposes, and other thermal CVD equipment such as 

io the Giga-fill chamber manufactured by Applied Materials may be employed. Additionally, variations of the above-de- 
scribed system, such as variations in pedestal design, heater design, RF power frequencies, location of RF power 
connections and others are possible. For example, the wafer could be supported by a susceptor and heated by quartz 
lamps. The method of the present invention is not limited to any specific CVD apparatus. 

is ||. Exemplary Deposition of an IMD Layer 

[0035] Certain embodiments of the present invention relate to deposition of a carbon-doped silicon oxide low K film 
using a thermal CVD process. Other embodiments of the present invention enhance the adhesion and stability of thin 
films including carbon-doped silicon oxide films deposited from an ozone/organosilane precursor gas according the 
20 method discovered by the present inventors. Embodiments of the invention can be practiced in a CVD deposition 
chamber such as the exemplary chamber described above. Embodiments of the present invention related to the dep- 
osition of a low k thermal CVD carbon-doped silicon oxide film are particularly useful for the deposition of premetal 
and intermetal dielectric layers (sometimes referred to as interlevel dielectric layers), especially those used for sub- 
0.2 micron applications. 

25 [0036] Fig. 3 is a flowchart illustrating the formation of a carbon-doped silicon oxide layer according to one embod- 
iment of the present invention. As shown in Fig. 3, the film is deposited by flowing an organosilane precursor gas and 
ozone into a substrate processing chamber and heating the substrate within the chamber to a temperature less than 
about 250°C (step 305). The deposition process is a thermal, as opposed to plasma, CVD process. After the film is 
deposited, it is then cured (step 310) to form a stable polymeric structure and increase. its resistance to moisture 

30 absorption. In order to form a film having a sufficiently low dielectric constant, it is important that the organosilane 
precursor gas used for film deposition have at least one silicon-carbon bond. Examples of such precursor gases include 
methylsilane, dimethylsilane (DMS), trimethylsilane (TMS), tetramethylsilane (T4MS) and phenylmethylsilane among 
others. Because of their commercial availability and high number of silicon-carbon bonds, TMS and T4MS are the 
currently most preferred precursor gases. Further details of the preferred deposition process conditions and preferred 

35 curing processes are discussed in detail below. 

[0037] The present inventors have found that the dielectric constant of carbon-doped silicon oxide film deposited in 
step 305 is directly related to the temperature of the substrate during deposition. In order to deposit a film having a 
dielectric constant that is sufficient for low k applications (e.g., a k less than or equal to 3.0), it is important that the 
deposition temperature be kept below 250°C. Temperatures lower than 250°C are preferred in other embodiments. 

40 [0038] As used herein "deposition temperature" refers to the temperature of the substrate during deposition. In the 
currently preferred embodiments, the substrate is directly heated by the pedestal heater. At higher pressures, e.g., 
200 Torr and above, the substrate temperature is practically equal to the pedestal temperature (substrate temperature 
may be about 10°C less) due to conduction and convection heating. At near vacuum pressures,. however, (e.g., less 
than 50 Torr) there may be a 50-60°C temperature difference between the substrate and pedestal because of the lack 

45 of convection heating. Thus, at these lower pressure levels, the pedestal temperature can be set up to 50-60°C higher 
than the desired deposition temperature. 

[0039] Fig. 4 is. a graph showing the effect of temperature on dielectric constant for a particular set of deposition 
conditions at a deposition pressure above 200 Torr. As shown in Fig. 4, a pedestal temperature of 250°C resulted in 
a dielectric constant of 4.6 while pedestal temperatures of 200°C and 150°C resulted in dielectric constants of 3.0 and 

50 2.7 respectively. Thus, as evident from the figure and from other tests the inventors ran, a temperature of 200°C and 
below is preferred, it is believed that the deposition temperature has a direct effect on the amount of carbon incorporated 
into the deposited film. Silicon oxide films having higher carbon concentration levels generally have a lower dielectric 
constant than silicon oxide films having lower carbon levels, other dopant concentrations being similar. Films deposited 
. according. to the present invention preferably have a carbon content of at least 8 atomic percent and more preferably 

55 at least 10 atomic percent. 

[0040] , Deposition temperature is also important, however, in achieving gas phase reactions between ozone and the 
organosilane precursor. Ozone activates through these gas phase collisions and a sufficiently high temperature is 
required to ensure a cornmercially acceptable deposition rate. Thus, while it is important to have a sufficiently low 
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film was deposited at a pressure of 200 T™7n TT* 1 1 deposrt.on rate. For F.g. 5 a carbon-doped silicon oxide 
TMS (170 seem). 12.5 (125^ , m " S the 938 d, ' StribUtion manifold - P roc «* gas of 

• t^turewasvar^ 

is increased. The activation energy of me reaction 

step is in the gas phase. In OHhSwtl * ™ B ^* 8teaM ™* ind ^ting that the reaction controlling 
it is useful ,o maintain the P^CZSZS?XS£^ T"' 0 " ^ *" IMD " d ™ D 3ppfc3,ions 
deposition rate of carbonJopedsiliconSfl^ 
» "n these tests, the 200°C p^^2J^^"! dfOTp ^ t6n ^' a,ureof 100 ° C . 150'Cand200»C. 
about 500 A/min. Below *££lTL h - "" '°° 0 ^ 15 °° C pf0CeSS had a rate °< 

consideredtoo lowfor practical eoZSlSSS ' 'STS ^ ° f ^ 5 ° " 3 rate ,hat is currentl V 

* — n^ 

controlled .quid that circuses through ^ 

In most conventional TEOS/ozone IMD deposton aDDNrat des ed in 1,115 exemplary chamber section). 

400'C. Inacold wall reactor this toaZteSS „T substrate is heated to a temperature of at least 

At such a relatively high depositiOT temperatilre ^hTeff t ik i? 9 ^ 6 subs,rate directly (i.e., with a heated pedestal). 
That is, the heat exchanoe canno ZZTZ^l 1™ °\ the heat exchan 9 er °" deposition process is minimal, 
•control knob- for the process. ■• dl, '° nS n any si9nificant manner ,0 be thought of as an additional 

He pSkss i^tSE ssss that bec r e of the reia,iveiy iow substrate - p — 

cifically, the heat exchanger can be used a^ » iSS^T T T 3 Si9nifiCam effect °" dep0sition rale S P e " 
doped silicon oxide fi.m. The inventors h ave dete™ ?k ,0 inCre3S8 the dep ° si,iQn rate of ,he ca *° n " 

the normally recommended tempemfum o SSZE I? f " 9 ,0 a ,e m P era,ure above 

increased deposit™ rate for the grotng l a fowe fdie^ t T " *' Ph388 ' *** h tUrn leads to an 
•ments of the invention, use the heat exchanqer Z^ t T b * ter 9ap fi " pr °P erties - °*»< e "*od- 

[0043] ln previously known systems J*"** mi * We l ° betWeen 55 ™ d 100 ° c - 
18a and passages 1 8b. Therefore —TSSSS TZfT? T eXChan9e ^ WaS C ° Up,ed to passa 9 es 
the temperature was chosen to optimized deoiiln I a , T t approxima,e| y the sa ™ temperature. Since 
react behind the blocker plate 42 Tsuch a wav ^ h T « 7 ^ Precursor tended to 

11. To, overcome this. tJd^o^S^^;,^ °" f '° W °' 938 tht0U ^ h ,he 9 as dis »ution manifold 
chamber walls and the terrpLture^TZ^tZTT ° Pr ° Vide COn,r °' ° f 1,16 '^perature of the 

is equipped with two heat exchanger w fn^HS ounlld? 0 t ne h embodime ' 1, ■ de P^ed in Fig. 2. chamber 1 5 
Heat exchangers H1 and H2 mechan sms ^for transfer of h T* he3t 6XChan9e bops L1 and L2 respectively, 
circulating in heat exchange loops T Td^ Su ^ ,he 7 al ene ^ t0 or from "^t transfer medium, such as fluids 
ductively, convectivefy, radiatively or by exotiTermi clemS 'T™ -8 ' ^ *"* * e e *- resis,ivel * con " 
coo. the fluid, e.g. , conductK,ely, convective^ 8UCh ,henTlal ™W tester can 

reaction. * - Vely ' racJ'atiyefy. evaporat.vely, by Peltier effect or by endothermic chemical 

ESSJTSS 1 iKd^etbt iT e a 9 " 5 Wa " S 153 ° f Ch3mber 15 - Heat eXChan ^ l°°P L2 
coupled to each other. Thus i, i poss^ L exa m± o F^T"*" " ' L °° P 11 3nd 12 « "* fluidly 

when, for example, it is desired ^ I r* «■ W h hile cooli "9 lid — mb V 1 5b. This is useful 

reaction of reactants in gas mJS^ST^SS r*",***" 1 Whi ' 6 3t the 83me ,ime inhibitin 9 
exchanger H 1 is an AMAT-0 unit, 'm^^^^J^ P t ^ A SPeC, ' fiC eX3mp ' e ° f 3 8Ui,able hea ' 
^^''yc^ableofmainteiningthechamberSls^ of Santa Clara. Such a heat exchanger unit is 

H2 is a refrigerated baft ^ 

a unit is generally capab.e of mainta^g the f 5 £ ZS2 ^ " °' POr,Sm ° Uth ' N9W Hamp8hire - Such 
mixture of glycol and water as a heat tracer medium " 4 ° ^ 1 °°° C - Uni,s U8e a 50 " 50 

KaS 60- 0^7^:^ m3in,3inS lbe Cbamb - -lis 15a at a temperature of approx- 

an drganosilane precursor. Oceratinn ITZ,Z ° a PP roximal cly 25' C during deposition of a low-k material with 
blocker plate 42 and prevents choking o^ Sow of IT™^* Mn ° f ^ preCursor behind * a 

deposition rate can be substantially^ 

to both lid assembfy 1 5b and wall 15a He a erTnl. I?****" W '* h 3 Sin 9 le hea < excha "9cr coupled 

exchangers H1 and H2 ' COn,r01 subr ^"^ 67 can be configured to separately control heat 

[004S, ^^entorshavealsodeterminedthatftegapfillproper,^ 
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25 



according to ,3 present invention are better 

deposition temperatures. Figs. 6A-C *°;™; h *f™*^ 

the present invention overadjacent ra«J ^^^^^ deposed at 150»C. As shown in the 

while the film in Fig. 6B was deposrted I at 200 C a^d the rwn in g , ernp erature films. Higher wall 

figures, the gap fill capability of the 1 50'C f.lm » s gn can tlyl "™ <j£™ 9 he ai exchange systems higher 
temperatures, however, improve the gap Wlpropert^ 

settings of heat exchange H1 operafvely coupled o £e walls enc Qn ozone activation in the gas 
is believed that these improved P^rUes^e ?»{^™££Z Lperature as well as anincrease in 
phase. Increasing the wall temperature leads to an increase g P 

is (Organosilane Flow /Total Gas Flow) x Chamber Pressure < 1 > 

[0 048] Asevklentfromtheabo^^ 

The flow rate o. the organosilane gas has a d.rect ^^S^ deposrtL rate. As would be known to 
as much of the organosilane as poss.ble ,n ^ f «°^^^^l can provide a list of recommended 
those of skill in the art, the chemfca. suppl.er, e.g., "^TSS^To ■ TMS) that they supply, 
maximum gas flows at various pressures ^^^^^^ above about 50 Torr and below about 
[0049] In some embodiments .t ^P re1erre ^ a ^ 

450 Torr. Higherpressures generally .ncrea se thega oxide) b e ing formed on the surface of the . 
that the gas phase reactions result in a final product ^^^^ ^ Tor ?), , ina. product may be formed 
substrate. If the gas phase reaction .s too strong ^\^7 e 3ace. Pressures above 50 Torr are generally . 

^P^ 

for more gas phase reactions between ^^^^^^ % as opposed to 8 wt. %. also results in an 
Similarly, flowing a higher concentrate of ozone, for example. wi. w 

increase in the deposition rate. introduce an inert qasflow, in addition tothe organosilane 

[0051] Preferredembodimentsofthepresent.nven^ 

and ozone precursor gas flows, into the chamber dunng , th ^ preferred embodiments in- 
deposition process and improves the thickness unrformrty of ^^^^ 'gases such as argon or nftrogen. 
traduce a flow of helium as the inert gas, but other ^*>°^^^ ^ ica nt manner. 
The inert gas should not inc.u de elements a ^^^ZZ^ unilormity. As evident by Fig. 7. the 

Ers^a^^ 

rate or refractive index. fj|| prop erties but lower deposition rate and 

[0053] Higher deposition pressure levels ^»™*"^J^JUL depending on the desired physical 
dielectric constants. Thus. ft is important to ba lance theS j;^ U ^Xneoestal temperature was set to 200' C. the 
properties of the deposited film. In one set o foments r pedesta p ^ ^ ^ ^ ^ 

heat temperature of a single exchanger coupled to both the hd ^ sccrT J was introduC ed, pressure 

and a process gas of TMS (170 seem), ^(^ f ^ 1 f 978 A/min and a kof 2.58. At 200 
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[0056] Fiqs 8A and BB cL^Zl ^ 1 W ° U ' d be unders,ood b y * P^son of skill in the art. 

°z°"eandheliumprecu^ silicon oxide fi,m de P° s ** d ™S. 

like bonds (wavenumber 1 1 50 cm Tand „^t! , . 5' A " the fi ' m C ° nta,ns 3 rela,ive| y h '9 h "™ber of SiO cage- 
dangling bonds and are suscePt^te ESSl* - " Mk ^ ^ bonds 
As shown in Fig. 8B. JSSSKJIJ2!2^ Tlf " PfeS6nCe ° f SUCh 33 m ° is,Ure va P° r 
type bonds resulting in TmoTe stebte hS °T , " * ^ Si "° Cag8 - |ike b ° nds 3re converted to ^ 
also edited a ^ ^ for the test s "°™ * Fig. 8A 
due to moisture absorption when eZ^Slf^ f Ubsequent, y cooled and a hi 9 h **** constant (k=5.5) 
cured for the test in Fig 88 exhLXolt Ll h„T V T PM ,he fi,m de P° sited «d 

LnL^roTeS^^ t0 CUre fi,mS depOSi,6d 3CCOrdi "9 «o the present 

furnace environment. sZtXZTlTlTZT T* " ^ ^ BU ™ " 3 CUfe 3 " ° Z0 " e rich 
highly desirable Si-C bonds ZZ ^th s haoDen! h . reaC, ' n9 ^ d6pOSited f " m 3nd removin 9 

.. ni^o^ ^ COn r i0na ' ' UmaCe Wi,h 3 ^ ™« *™**»r e , e, 

breaking vacuum, or exTttu oS ex s^Z e «T ^ °* U " ,he CUre C3n be done in situ - i e ■ w *hout 
^ expensive deposi^m,"^ -ire use o, a 

alure ones. For example a m lTl?!S Pe ^ CUr6S 9eneraMy take less ,ime than lower 
[0060] ,n a specific embodiment ^Z^^JTV.** * ^ CUfe m3y ' 3St ,0r «>* minute ' 
of about 10 minutes in a low Sure nitm^n SUbS,f3,e ,0 3 ,em P era,ure ° f ^out 40O»C for a period 

resists n^stureabsoifon^^efZ ISSSSZ^^ ' ,ilm *° ,hat » 

in the same cluster tool as the deS^Z^f ^ ^^ to ^ W( ^ e,; 69 a different chamber 
conventional furnace cure ateo h^lTsuSte t Z T" T°" A Specific e ^odiment of a 
«n a nitrogen atmosphere. ' ,e t0 3 tem P era,ure ° f *oul 400'C for a period of about 30 minutes 

SSn — «" a strata is p,aced in a mo.ecular 

embodiments because it achieves similar or e Z r, ^ PfOCeSS ' S pre,erred to a vacuum cure in some 
throughput. Throughput blclse w»f k ^ ^ 6XpenSiVe e °. u W.and increased 

multiple wafers at'a time SETTSTZSLTfi ^ "* « ^ C3n he3t 

chamber can alsoheat and cur^ *J^^£2?T^ T° ^ ^ ^ 30 minUteS - While a vacuum 
break vacuum while the curing plocLs^de^y. "* ^ ""'^ " ba,Ch6S S ° 38 '° n °' 

Ss -l^'S^-sssi; ,hermal deposition process - shown in Fi9 3 3s step 3os - ^. 

should not be considered 2 ^^c 0D e ' Hhe n "TT ^ ¥* RS 9 ' S '° r eXemp ' afy pUrp ° SeS on * and 
has been loaded into the dToZion ? fl Pr6Sent C ' 3 ' mS - The deposi,ion P rocess is in «^ted, after a wafer 
keeping the throttletalvl ^Z^S^Z^^^r?^^^^^^ 
addedto the helium flow a. the same mteaU*^^ 

in a substantial constant 0^2 22^ 7? ^ h thiS m3nner 

a constant ratio improves filJ untmT An ozon, flow i W?™ " ' S beNeVed th3t main,ainin 9 such 

ozone. ,,y ' A " ° 20ne ,low ,s not 'ntroduced at this stage because the high reactivity of 

desired pressure level is reached Zc \ 2nZ T^ oZoZ^ * ^ 405 ^ the 

for the oxygen flow and a flow of TMS IS£ 500 £Z t h ^ ' ^k 0 " 0 " 6 "°" (4 °°° SCCm) iS SUbs,ituted 
Deposition step 410 is maintained unfl. ^^11 5" ' , V deP ° S,t 3 carbon ^°P ed silicon oxide film (step 410). 
ozone flow is shut of. I^^^S^Th TT **" ^ * ,hiCkneSS 3nd ^ 'he 

with residual ozone in the gas phase The Drell^if ^ off prior to the TMS flow in order to allow the TMS to react 
flows simultaneous*, ,„n 7^ Z Z' " . HT? l ~ rS have de,ermined «" a t shutting off the ozone and TMS 
several seconds after ft" ozone ZTstep SS'LT *" deP ° S " ed ^ ^ ™ S ,,OW is ,hen shu ' °" 

whiie maintaining the heJZ£%£^£ JlT*™ T™ " re ' eaSed by ° Penin9 ' he ,hr ° ttle Va ^ e 
[00641 The oedPstal 9n H hi, T '' * ' the gases are shut off ( sle P 430). 

4] pedestal and heat exchanger temperatures are se, and stabilized prior to film deposttion. All three tern- 
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and JL unchanged W»*o« an «*. n» «l riW ^STS > " *°« ^ ° m ° 

UabVfes and a lo» dialaalrio nomlaat. Id. I*» » alaod* tr ™ ^ ^ , te „„ have 

porous oxide films. Generally, these "7^^^ deposited according to the present invention 
ihan about 100 A. The present inventors have ds ^^^^t^ to a CMP step. This is especially 
exhibit unilorm removal rates across the surface ' - ■JJfjJJ ^ imegrated circuits today as the surface 
important for damascene processes that are used ^J^S^Sf fine patters to be focused on a subse- 
of the film can become highly plananzed after the XMP ^ ™^, e J es of ^ films deposited according to 
quently deposited metal layer film dunng a ^Ls7 A/min. at a nonuniform^ rate of 4 and 5 

the present invention exhibited CMP removal ates ol 3687 Mm. and ^ ^ by g person 

"and will vary if chambers of other design ^«g s optionally be included with the 
[0069] In other embodiments of the ^"^•^"^^ , MD i applications. For example phos- 
organisilane and ozone during deposit^ ^^^^^^d-o*- «- fl— — ' meta,s ' 
phorous (P) may be added us.ng, e.g., phosph.ne (PH3) JJJ^rjrtm Boron may be added, e.g. using diborane 
e.g.,sodium (Na), thereby reducing metal contam.nat.on of *f . d «P~!^^^~ owOslon M Boron f«xn theSi-O-C 
(B 9 2 H 6 ). Boron tends to make the deposited fi.m ; flow making . device, such as a gate 
layer into an underlying silicon substrate m.ght be. useful** doping th s ^ & ^ 

stmcture. Alternatively, both boron (B) and Pj"P^r^^^^p»£ applications, 
reduced viscosity and can be reflowed to ach ^^^J ne deposition rate and gap fill properties of 
[0070] The inventors of the present mention have deposiL rate of Si-O-C films is optimized 

Si-O-C films are optimized under different cond.t.ons. F ""^J£2^on d high temperature, i.e., greater than 
when deposited w«h organosijnes at, ow pressure, ,e.,^ ^ ^ ^ (s depos , ed at 

about 150° C. Gap fill propert.es of S.-0-C S „° P ^emoerature, i e., about 125° Cor less. The condrt.ons 
relatively high pressure, i.e., greater than about 

li„ and deposition rate by dividing the fPf '° n ^ the gas mixtures and flow rates 

step is optimized for deposition rate. The f.rst a d are ^ ya|ve posrtion is set to establish a 

50 and 150 torr, preferably about 100 torr - pro cess. For example, a Si-O-C 

[0072] in another version of this embod.ment. the secon step can be a re P Qf 
ype low-kfilm can be deposited by energ.z,ng a p ocess gas mixture or 9J jlane (DMS) _ trime thylsilane 
Oa to form a deposition plasma. Suitable organostlanes ncbdo J^J SK) -C layer is under a com- 

(TMS), tetramethylsilane (T4MS) and P".^'^ two layers are deposited on top 

a low stress film. Such a low stress film would be resistant to crack.ng. 
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Ml. Process integration of Deposition of a Low Dielectric Constant Layer 

si,ic °" ° xida ■» ^ "setui for a variety of ap- 
the integration oi a low K ^S^oZ^SZT 6 ? and Preposition steps that facili.Se 

establfehed integrated ctaJSSSS^SS^ " f** ^ * *• PreS6nt m ™«™ into 

10. As shown in Fig 10 the ™~ 2 ^ !, eXamP ' e ° f SUCh 3 mU ' ,is,ep process is de P icted in Pig. 
to underlying aluminum t£EZSTL ^ST"" t0 enhance the adhesion ° f *• 

that builds up on the InfiTtal^^SE t ! a,0mic hydro 9 en 10 reduca a " aiuminum oxide 

taining gas in a remote soTcTin aSESi?^ " ^ hydr0gen iS diss ° ciated «™ * hydrogen^on- 
9as with electromagnet* iTa p eZeH^^ 1° ^ ^ en6 ' 9 * eS *• hydr09en c ° ntai ™9 
waves. Further details of predSi, ior C Too T£ I ^ ^tromagnetic radiation is in the form of micro 
[0074] After pretreatment stepToOO lavTr I? 7 1^ be,0W con j unc,io " Ha and 11b. 

nosilaneandozone SlpteseZentsT„« Carb0n<Jo P ed Si ' iC ° n ° Xide is de P osited in ««P 1010 using an orga- 
[0075] AnoptionalS^ 

This step is generally pe^ 
in a reducing environment In a ortZZ I h 1 6X " SrtU - The P 0 *****"""" treatment 1020 takes place 

ammonia for aooroxi^ ,he de P° sited fi,m is ^ated in a reducing environment of 

[00761 ThemPthnrttho y ™ ™ ,e at a temperature of approximately 400° C. 

in a preferred embodiment 2 cured fitTs dentin ,0 ^ ° U ' 9aSSin9 0f 8 ^^equently deposited cap layer, 
film can be capped at 1 050 to^^^t ' n ? n,,ro ° en *ontaining plasma. After densification 1 040, the 
over the densified film by p^elaTdc^^ T e^1bodlrTlen, ' a ca P la V e ' of silicon oxide is deposited 
and 1050 are se, forth in Sec bn V vtand Wbelw ^ P ° S,t, ° n M ° f St6pS 102 °- 1040 



IV. Pre-Deposition Treatment 



o^nd^ng^ P™ d - 'or strong adhesion o, a layer of materia, deposited 

adhere.poorly to an undergo Z 3 oZ T.™ 1™ a PP" ca,lons a die,ec,ric «*" a TMS -ozone layer mav 
deposited film to shrink Asa resr o Tthe^ r inr S T , 9 SUCh aS CUre processes ' ma V ™™ 'he 

metal. The adhesion probtem S ^ 
circurtmogenera^includ^^ 

1105 of metal lines 1104 may be co^ed w!th I hin h J ^ "° 4 se P ara,ed °V a W H06. An upper surface 

lines 1104. poor adhesion is be. e^l^ 

vertical walls 1112 of metal lines 1104 f oxid Solll ?Z "° °l ° Xlde (/ W 0n «» surface «* 

1110 tends to be weakly bonded to the LerlZmeJ f,T ** formS readily * ^temperature, iayer 
oxide 1110 may oecome'delaminafed ^ZSKT^ 3 dep ° Sited ^ 

is effective at removing oxide from a bZm of oao n?! ^ by 111 4 by an e,ec,ric field S P u «e"ng 

sr e fr ais 4 hiesseff ~^^ 

layer L ^^^T^ The Z ITT inC ' UdeS 3 Pre - ,rea,ment ^ in -** ' he «~ 
attacks the oxide in a purely S V ^f' h " b ' Free a,0miC hydro 9 en 1120 

non-directionamydrog'en l&ZlSS.", mt^"JSS?ST T f" therma ' f6aCti ° n * 
aluminum oxide and may also be effective in Jl!, T 8 P re,rea,ment can effectively remove 

such a pre-,rea,ment is general TdSaa ous when a w ?T 85 co PP eroxides Furthermore, 
^ impair adhesion ofa rJSSSS-S^ SS£" ^ ^ 3 ^ ^ ^ ^ 

fortheVe^aZn! n The remo^rZ,'i 6 flUi% T '° *" Pf ° CeSS Chamb6r prWideS ^ alomic hvd -9en 

(^ormolecularhyd^r^)^^^^^^ 

gasisdissc^iatedbyhe^ingatam* 

that dissocia.es \V^S^^^^L T?- remo,e source is a ««• Plasma source 

magnetic radiation In lis aTpZ ion ele^nn r J' ' nl, ' a,ed SUStain6d With 6nergy in ,he form of ele otro- 
oscillating electromaone fcSs slhS , 9 , 1° M ° U ' S ' aKen t0 mean any form of radiatio " nulling from 
includingLgwave ado ^ 

the remote source dissociates hyd^ 

hydrogen-contaming gas w,th rad,ation having a frequency of between about 100 kilo 
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M W - -00 MM. PH» A — - « «•».<* - —» *>- ^ * 5W " '° 
the remote plasma source to tacilitate striking the plasma deposition chamber 15 generally 

[0081] Two examples ot such remote sources are ^ en Suoride (NF 3 ), as shown in Fig. 2. Such 

Includes a remote clean source 202 '"f*" 1 ^^ operate in response to instructions 

a remote clean sources can be coupled to the system ' ««^™ ^ ^ be c0 H nfigured to selectively receive a 
embodied in a computer program. This same remote clean source 202 can 

hydrogen-containing gas for the P'e^atment ov i ^ ^ comprjses a 

[0082) Fig. 12a depicts a remote ~ 1 » R * mo te chamber 1202 is fluidly coup.ed by a 

remote chamber 1202 coupled to gas sources ^4 v.a 9^ s ,,nes t ^ 12Q4 prov , de 

conduit 1207 to a process chamber sue .as *™ber« > d J^ n Jg jnc|udes gas (ref ,ectors 1206 and an RF 
hydrogen-containing gas to remote chamber 1202. R^^T^ 1212 i Vemote chamber 1202. RF 

eLctrode 1208. Deflectors 1206. direct the flow o gas in a spraJ *J Jjj^ , orm of RF radiation to 

electrode 1208 is coup.ed to an ^ gene^ <>™Z*£Z » residence time of hydrogen- 
the hydrogen containing gas via RF ^ od V^„S s^iatton of Iree atomic hydrogen from the hydrogen 
containing gas in remote chamber 1202 thereby a d ^tn 2 ^ and 5000 watts of RF power, preferably 
containing gas. In one embodiment RF generator 1 210 provide ^ wee MHz. NH3 is provided to remote RF 

3000 watts at frequency of between 1 MHz and J^?^^* Pf^^^^ e pp plasma spurce 1 200 at about 1500 seem, 
plasma source 1 200 at about 950 seem. ^'^J^^SmLi by Applied Science and Technology 
An example of a suitable remote RF source 1200 b an ASTRON ™" y Gffjcj of 95 o /o . 

(ASTeX). of Woburn Massachusetts. Such a source •« capable d |asma source , 25 0 generally 

0083] Fig. 12b depicts a remote microwave plasmaso rce 1250 J 1254 via gas lines 1255. Discharge 
comprises a microwave transparent discharge tube ,1 252 ^^^^Je^isfluid^coupledbyaeondull 

M****^^^**^?^^^ ESJTb Sas sources 1254 provide hydrogen- 
,253 to a process chamber such as chamber 15 depicted in tunab , e mjcfowave cavity 1256. Mi- 
containing gas to discharge tube 1256. D '^ har 9^ line or waveguide 1 260. 
crowave cavity 1256 is coupled to a microwave ' generator 1258 w«« fe ^ ^ moves 

Microwave cavity 1256 »^ rf M f^^ 1 ^l^^ optimize transfer of microwave power to 
.ongitudinally with respect to fixed walls ^2SS2»T^«Btor provides between 1500 and 2500 watts, 
the hydrogen containing gas. In one embodiment » ^Tand 5 GHz, preferably about 2.2 GHz. An 
preferably about 2100 watts of microwave ^^^^SSl Lrce manufactured by Applied Science 

r£h^ 

tSt -P™bod^ 

cy approximately 2.2 gigahertz and a power of 21 ?° c to 400» c and the chamber wall is typically at a temperature 

40 atomic hydrogen treatment of the underlying layer. 
V. Post Deposition Treatment 

subsequent polymerization and curing processes. . . rtinn nrocess Dro vi d e for a post deposition treatment 

[0087] Additional modifications to the above described deposrt^ proeess prov d P ^ 
o enhance adhesion of a low-k dielectric layer to \^^^^S^^P^^ before rem0Ving the 

L... k P.*,bl, t.»*r«0 to M chamb., und., vacuum »".f ^ , d h „ NH3 — to bsM ..„ 
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700 torr, preferably about 600 ^ 

ss iXSTjsss^^ in r r t — - ^ - « 

1020 to be particularly useful to stabS low k Jnnl ? PreSent ' Wento,S h3Ve ,0Und post « to P"»* ste P 
cording tothepreseni Lentil h^J^ZZ^T silic °" «■* *» posited a' 

for any film that is unstable in air Such a denScTn „ f eX " SI<U PrOCeSS ' Step 1020 is a useful trea,m ent 
films that undergo an ex-situ T*" ^ dep0Sited 

In the case of Black Diamond™ the densifica Z iJlT I * mS ' SP ' n 00 9 ' aSS (SOG) and Black Diamond™, 
the film. ' dens,ficatlon ,s Performed in an oxygen (0 2 ) ambient to remove hydrogen from 

VI. Post-Cure Plasma Densification treatment 

processing. Such oxidizing processes S e n h' 5 ° X ' d,Zln9 env,ronments in «» course of subsequent 

esses. The ,ow-k film is S5S n ' ^ Ph0,OreSiS, ^ ^ ^ 

with oxygen and hydrogen to form ca^ZZ^n l J " ° X,C " Zln9 environment *» '°w-k film can react 
the fi,m .eading to shrinkage andTncr^ *** The removes cart50n *™ 

the spectra indicating thedesiredSiO-CsSre SLfitf h J 6 the Pr6Sence ° f C " H and Si " C bonds ir > 
the as deposited film was su^^o ^Zl^Z ^ T* * " ° Xidi2in9 envir ° nme "< du ™9 Processing, 
oxygen species that attack the film Ase^Trm^l ^T ^ ^ P ' aSma produces active 

no C-H and Si-C bonds hdicatindth > ra^Li J T ° 4 t3ke " a,,er oxy9en pbsma trea,m ent shows little or 
Plasma also removes cS^^S^^^?^ The ™ ^a in Fig. 13b. show that oxygen 

TMS-ozone deposited film. SpSa i£ £ I2££ f Si ?T 'f 8, ** eXamP ' e ' WaS ^ ° n 3 P ° st cu ' ed 
at 400»C. P 308 W3S ,aken on ,ne same film after treatment in oxygen plasma for 3 minutes 

^ke^ 

while a post bake FTIR spectra 1312 doe nS^S,?"""'" * SPeC,mm 1310 Sh ° WS C " H and Si " C bond ' 
a collapse of the film structure resu " 2^ h ^ £T" ^ * 0m *' ** iS believed t0 cause 
refractive index and moisture absoipZ FurthTrmore a IT ,n The J> 0sl< >^ fl lm also exhibited increased 
cure spectra 1 314 and post-bake specSa 13^^^ 
Suri™ 

[0094] To overcome these problems a ^ 

fication treatment after the film is ^S^ZSSZi^ 1 **, ^ Ms 3 densi " 

extent, on the type of low-k film For exalle a dS f f 80 ° P "° nal process that de Pends, to a certain 
(BLOK™) film since this type of film has a Son c2S3S "t imp,eme " ted '°' a ° a ™r low-k 

Plasma densification process is paSarl "* ""^ "** * ° Xida,ion - The 
sification plasma is an RF p.asma con Jig hllm « ° r93n ° sil3ne - the d - 

microwave plasma containing NH, and C mav TZ^r fo Tu" ( tf ), - W Ar9 ° n (Ar) ' A,ternativ ely an RF or remote 
He and N 2 . Ar plasma is not 5" ^ " ,0rmed **" 3 «^ 8eoUB mbrtUre of 

sputtering is. a desired effect. y,Tspu,,erin 9 W0U '°°e a problem. However. Ar plasma may be used if. for example, 

N 2 plasma for approximately two mfnutes Z me I? 1 ° minU,eS The cured fi,m is ^ Ejected to 

preferably about 400" C Th dSZ^JJS i * ' " hea,6d '° betWee " a PP^ima.ely 350 and 450°C, 
about i:s torr. The pta^^^'EZiir^^" - " b6,Ween *°" 12 3nd 50 ,orr ' preferab 'V 
watts, preferably about 700 Watts an U SSSST? W ""^ *" W-d 3 ' 3 P ° Wef ° f be,ween 50 ° and «» 
--P.eof.suL.echaZrredS 

L Jd.2bS ^£2^^^™^ dep ° Si,ed Si -°" C film tha > « seated with the densifi- 

H and Si-C bonds characTrS ST2S SX£°S 1 ^ ^ ^ "* PBM- fHm ' 6Xhibi,S ,he C " 
densification in an N 2 plasma In ^ca^ ^ljST as - d e P os,ted film was cured and then subjected to 
2 P ma. this case, the substrate temperature was 250° C, and chamber pressure was 4.5 torr 
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during plasma densification. Nitrogen was provided at a flow rate of 2000 seem. RF power of 700 watts was provided 
at a frequency of 13.56 MHz. Spectra 1320 was taken on the same film after the N2 plasma treatment. Note that the 
C-H and Si-C bonds are little changed compared to sis-deposited spectra 1 318. The densified film was then subjected 
to a first oxygen plasma for 3 minutes at a substrate temperature of 250° C. Spectra 1 322, taken after the first oxygen 
plasma treatment, shows little change in the C-H and Si-CH 3 bonds. The same film was then subjected to a second 
oxygen plasma for 3 minutes at a substrate temperature of 400° C. Spectra 1 224, taken after the second oxygen plasma 
treatment, again shows little change in the C-H and Si-CH 3 bonds. Table I shows the. effect of the N 2 and oxygen 
plasma treatments on film properties. 

Table I 



Film 


Thickness (A) 


Shrinkage after initial cure (%) 


Refractive Index 


As -deposited 


3716.2 




1.428 


Post-cure 


3440.3 




1.397 


N 2 plasma treated 


3394.3 


1,34 


1.397 


250° C 0 2 plasma 


3287.4 


4.44 


1.386 


400°C 0 2 plasma 


3249.3 


5.55 


1.396 



[0097] As can be seen in Fig. 12e, the plasma densification process stabilizes the film and prevents removal of 
carbon in an oxidizing environment such as etch and photoresist strip. Table I demonstrates that the N 2 treatment has 
a negligible effect on the refractive index (and therefore k-value) of the film. Table I further demonstrates that the N 2 
densification process produces relatively little shrinkage of the post cured film. 

[0098] Furthermore, the present inventors have discovered that if an overlying cap layer is deposited over an ozone/ 
organosilane film according to the present invention, densification treatment 1 040 prevents delamination of an overlying 
cap layer due to bubble Formation. Bubbles may form with an undensified Si-O-C layer due to outgassing from the Si- 
O-C layer during high temperature processes such as annealing. In an experiment, a low-k film was deposited on a 
substrate using TMS-ozone as described above. After deposition, the substrate was cured for 5 minutes at 400°C. 
After curing, the substrate was subject to N 2 plasma for 2 minutes and then capped with PE TEOS. The substrate 
exhibited no bubbling of the cap layer even after annealing at 450° C. 
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VII. Capping TMS-ozone deposited layers 

[0099] In some instances, the present inventors have found that Si-O-C films that have been deposited in accordance 
with the pre- deposition, deposition, and post deposition and densification described above may still be susceptible to 
cracking after curing as described above. Ttfis occurs in spite of the fact that the observed stress, the k-value, and the 
FTIR spectrum for the film do not change over time. The present inventors have observed that the susceptibility of the 
film to cracking depends upon the thickness of the deposited film and the length of time to which the film is exposed 
to the ambient (air). A post-cured film 6000 A or less in thickness, that has not undergone plasma densification, is 
typically stable, i.e. it does not crack after an indefinite period of time after exposure to ambient. At 8000 A an undensified 
film cracks after about one week exposure. At 1.2 microns, and undensified film typically cracks upon removal from 
the chamber, i.e., upon exposure. Generally, the thicker the film, the sooner the film cracks. Densification also affects 
the thickness at which the film cracks. For example, the present inventors have found that a post cured organosilane 
deposited Si-O-C film that has not been densified in a nitrogen plasma, as described above, cracks at thickness of 
BOOOA or more within about a week. A comparable film, that has undergone plasma densification, is stable up to a 
thickness of about 1.2 microns. At about 1 3 6 microns thick, a plasma densified film cracks after about two days. At 2 
microns thickness, or greater, a densified film typically cracks upon removal from the chamber. 
[0100] To overcome this, another embodiment of trie present invention includes capping the TMS-ozone deposited 
low-k film with a layer of oxide or nitride. It is believed that the if the cap layer is harder than TMS-ozone low-k layer 
the cap layer physically holds the low-k film together. The cap layer provides a barrier against moisture penetration of 
the low-k film. The cap layer, typically a silicon oxide or silicon nitride, may be deposited by any conventional means. 
Preferably the cap layer is a silicon oxide deposited to a thickness of between 1000 A and 3000 A by plasma enhanced 
chemical vapor deposition (PECVD) using a precursor such as TEOS. Such a cap layer is referred to herein as a PE 
TEOS layer. The inventors have found that a TMS-ozone film that has been plasma densified and capped with a 1000A 
PE TEOS film is stable up to a thickness of 1 .6 microns. At about 2 microns thick, a densified and cupped film cracks 
after 3-4 days. Silicon nitride generally provides a stronger cap layer and a better moisture barrier. Consequently, silicon 
nitride cap layers can be thinner, perhaps for example, or the order of a few hundred angstroms. 
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capping solves thepr^^Sng ^ ^ "** "* * ^ inVem ° rS ^ faUnd h0WeVer *- 
5 VIII. Exemplary Enhanced Deposition of an Si-O-C layer 

St t^u^^u^Z^ ^ * - eX6 ^ «—«* - * a method of the 
crowave piasma containing NH 2, step 1000 tmST T *" SUbStra,e b Pr6Krea,ed US,n9 3 remote mi ' 
» ers in step 101 0 The as^eoosi "d Sri r m L ^ 13 deP ° Si,3d "* ™ S -° z °" e «**HJ dual heat exchang- 
cured ex-L in step '£? hT222f bye ^. densified in a reduci "9 ambient of NH 3 in step 1020 and furnace 

is omitted. The ^^£SZS£?^ ** *" iS CU " d ^ and densific3,io " ste P 1020 

in step 1050. 3 ni,r ° 9en conta '™9 plasma in step 1 040 and capped with PE TEOS 

* En *:X^l2l?JT£ T1 ° ,an exempla,y pretreatment s,ep ' shown in Fi9 10 - ** 

temperaturesare estabThed ~ ep ° S % is^ed * ^ ^ *»" "« 
pressure is stabilized at about 8 terr in thl . PP m ° te m,crowave sour ce at about g50 seem. The 

a temperature J^SS^^SE^ T* 8 t0rr ^ Chambef The P edesta ' * stained a, 
during pretreatment In sto uL L ™ , *' ^ ' S at 3 ,em P efatu ' a °< approximately 65° C 

Plasma The n S^X^Z2Z2?T T aPP ' ieS l ° the 93568 X ° i9nite *°<°™*° 

1404. atomic hydrogen pSKiXSS * 9 ' 9 f miCr ° W3Ve P ° WSr iS 3bOUt 2100 ln s,e P 

that empS l^^T^STZJ^r - ^J 3 ™' deP ° Siti ° n pr ° CeSS ' shoWn h Fi9 " 10 as ste P 1 ™. 
separately control chamS 1 L " 5 T ™' S PM * r embodime " t uti '^ dual heat exchangers to 
exemplary P^poLsZy^t^ZTl T^T' " ,em P era,ure The P«- - **» in Fig. 14b is for 
heat Exchanger temperatures a ^ ^SS^ZST T*-*? ^ ^ PM *« 

maintained approximately constant 1!! , T P ™ deposition in step 1411 All three temperatures are 

60- C, the MotZToZ^T^ 9 depos,t,on. In the above example, the wal.s are maintained at about 
at a tempelre 5£K5 C The lo S " * ' temPeratUre ° f ^ 25 ° C 3nd *• P edes,al is mai " ,ai " ed 
chambe" by taZT^TT Pf ° CeSS ' S ini,iat6d ' ^ 3 %Btor h3S been loaded '"to the deposition 
(step U^Z^SZ^^^^^^ 93865 Whil6 kee P in9 the Me va '- 4 open 
reactivity of ozone. 933 f '° WS ° 2 ° ne ,s not '"^uced at this stage because the high 

desired pressure level is rT^d a^ Z^ he presence of ,he helium and oxygen flows (step 1413). Once the 
for the oxygen tJ^a ^^^T^S^ ^ * SGCOndS ' 3 " ° Z ° ne f '° W (5000 sccm ^ is 
Deposition step H1 u^et unTthe ^ if ^ !T' '° depOS " 3 cart3o ^ 0 P ed *" oxide film (step 1414). 
ozone flow is shut off uLT^bT^^^ "** **" 3 **« ,hickneSS 3nd then the 

react with residual ozoneTn h gas ^phass ThS T^l ** f" ,0 ^ ™ S "° W h ° fder «° 3 "° W ,he ™ S to 

141 6) and the H fi no citl " „ ' ™. 1 M& TI0W 18 tnen shut °« several seconds after the ozone flow fsteD 

1417) . Finaiiv. a„ iSZT^o^^r* 9 ,hr0tt ' e main,3inin9 ^ ^ (S,ep 

STo as^stepToa^^mlt 0 * °T ? de,al '' S °* " eXemp ' 3 ' y Proposition densification step, shown in 
the followino ^ 'ZZZTT ry . e j mDod,ment - ** step is performed because the substrate is cured ex-sltu in 
temperature^. NH,^^^ at sta P ^21. by establishing gas flows and 

is treated for about 90 seconds II I '!f abo ^°0 torran d the substrate is heated to about 400°C. The substrate 
to cool in step 1423 P 4 ^ G3SeS pedeStal hea,in9 are shut off a " d the pedestal allowed 

» fnZxe'Xtm^ 

1431. O, eoSJ ^mSe wafer 1^ be ^ & ehvironmenl and P' a ^d in a furnace in step 

is generally optimize t e^t man j Iffi^ST ^ ^trate process throughput 

phere of nitrogen (N,) is Drovided^h^f , P re fUmaCe ° Ured 3t ,he same tima Af1 ambien ' a «mos- 

of abou, 40,4 z e iz: s s s The ,urnace ,hen hea,s ,he substrate ,o a ,empera,ure 

Su 1 ch 8 a o2 e oZZe^J? U TT detai ' S ° f 3n eXempl3 ^ in - Si,U cure ' sh °- ^ 10 as step 1030 
flows of X^E^i2^"? , " ,h3 ' depic,ed in Fi9s - 1 A ' 1 F - Tha P^estal temperature a'nd gas 

and D 2 is M^rSSSST^^: I 0 "' 6 ° Pen " S,6P 1 434 He " SUpplied 3 * 3bout 6000 sccm 
PP aoout 3000 seem. The pedestal temperature is set to about 400' C. The presence of Q 2 enhances 
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shrinkage during the cure. In step 1435, the throttle valve is partially closed to raise the pressure in the chamber to 
about 450 torr. The substrate is then heated with the pedestal at a temperature of 400° C and the chamber pressure 
at 450 torr for about 10 minutes in step 1436. The flow of oxygen is shut off at step 1437 and the chamber is purged. 
The pressure is raised to about BOO torr by further closing the throttle valve. In step 1438, the throttle valve is fully 

5 opened. The helium flow is reduced to about 2000 seem and a flow of about 500 seem of is introduced to the chamber. 
[0109] The flow diagram of Fig 14f shows the details of an exemplary post-cure plasma densification step, shown in 
Fig. 10 as step 1040. The plasma densification may be performed in a processing chamber of the type depicted in 
Figs. 1 A-1F. If the cure step preceding the plasma densification was an in-situ cure, plasma densification may take 
place in the same chamber as the cure. If the cure step was a furnace cure, the post cured substrate is removed from 

10 the furnace and placed in a processing chamber in step 1441 . A process gas of N 2 is supplied to the chamber in step 
1442. The process gas is then ignited to form a plasma in step 1443. The substrate is then subjected to Ng plasma for 
approximately two minutes while the substrate is heated to about 400°C in step 1444. The chamber pressure is main- 
tained at about 1.5 torr. The plasma is sustained by radio frequency (RF) energy delivered at a power of about 700 
Watts and a frequency of about 450 kHz. The RF power is turned off and the gas flows are stopped in step 1445. 

* 5 [0110] The flow diagram of Fig 14g shows the details of an exemplary capping step, shown in Fig. 10 as step 1050. 
In the exemplary embodiment, the cap layer is deposited on. the plasma densified Si-O-C layer in the same chamber 
as that used in the plasma densification step. Alternatively, the substrate containing the Si-0 : C film may be transferred 
to a different chamber for capping. In step 1451, process gas flows and other process conditions are established. 
Helium is provided at about 1000 seem. TEOS is provided at about 1050 milligrams/minute (mgm). Oxygen (0 2 ) is 

20 provided at about 1000 seem. The chamber pressure is generally about 8.2 torr and the pedestal temperature about 
400° C. In step 1452 the process gases are energized to form a plasma. 1000 Watts of RF power are supplied at a 
frequency of about 1 3.56 MHz. In step 1 453 a silicon oxide cap layer is deposited using the plasma. Deposition proceeds 
until the cap layer has a thickness of about 2000 A. In step 1 454, RF power is turned off and the flow of process gases 
is stopped. The substrate may then be removed from the chamber for further processing, such as photoresist deposition, 

25 metal deposition, etc. 

[0111] The methods described above can be readily incorporated into existing process recipes. For example, Figs. 
15a-15h depict one example of an IMD gap fill process incorporating the above method. In Fig. 15a a first metal layer 
1502 of Al is deposited on an Si substrate 1500. An anti-reflective coating of TiN 1504 is deposited on Al layer 1 502. 
In Fig. 15b a first photoresist layer 1506 is deposited on the TIN 1504. The walls of gaps 1508 are treated with free 

30 atomic hydrogen as described above to reduce aluminum oxide. In Fig. 1 5c TiN and Al layers are etched to form gaps. 
1508 using the patterned photoresist 1506. In Fig. 15d A low-k TMS layer 1510 is deposited, cured and densified as 
described above to fill gaps 1508. TMS layer 1510 is capped with PE TEOS 1512. PE TEOS layer 1512 is planarized 
(e.g., using CMP) and covered with a second patterned photoresist 1514 in Fig. 15e. PE TEOS and TMS layers are 
then etchect through second patterned photoresist layer 1514 down to TIN layer 1504 to form vias 1516 as shown in 

35 Fig. 15f. After etching, photoresist 1514 is stripped, e.g., by ashing in an oxidizing environment. Densification treatment 
1040 protects PE.TEOS and TMS layers during etch and photoresist strip. Vias 1516 are filled with a metal such as 
tungsten to form interconnects 1518 as shown in Fig. 15g. After planarization, a second metal layer 1520 and barrier 
layer 1522 can be deposited over interconnects 1 518 as shown in Fig. 15h. The process of Figs. 15b-15h can then be 
repeated multiple times until the desired integrated circuit structure is complete. Such a process integration scheme 

40 \s simple and involves relatively little complexity with CMP, etch, and photoresist strip. Such a process does produce 
relatively high k values between the metal layers due to PE TEOS layer 1512. Lower k values between the lines can 
be achieved, for example by eliminating the deposition of PE TEOS cap layer 1512. 

[0112] A dual-damascene process integration scheme that utilizes the low-k TMS-pzone deposition method de- 
scribed herein is depicted in Figs. 16a-16h. The dual damascene process begins with the deposition of an oxide layer 

45 1 602 over a silicon substrate 1 600 as shown in Fig. 1 6a. A hardmask layer 1 604, e.g., silicon nitride (Si 3 N 4 ), is deposited 
over oxide layer 1602. A first low-k TMS layer 1606 is deposited, cured and densified as described above. First TMS 
layer 1606 is covered with a patterned photoresist layer 1608 during a first photolithography as shown in Fig. 16b. In 
Fig. 16c, a first etch forms a first set of gaps 1610 in first TMS layer 1606 down to hardmask layer 1604. After the first 
etch, photoresist 1608 is stripped, e.g., by ashing in an oxidizing environment. Densification treatment 1040 protects 

50 TMS layer 1606 during etch and photoresist strip. Gaps 1610 and first TMS layer 1606 are then covered with a layer 
of metal, such as aluminum or copper. In the case of copper, a seed layer 1612 (Fig. 16c) is deposited over gaps 1610 
and first TMS layer 1606. A first bulk copper layer 1614 is deposited to fill the gaps 1 610 as shown in Fig. 16d. Copper 
layer 1614 is planarized, e.g., by CMP. Copper layer 1614 forms, e.g., a first set of metal lines in an interconnect 
structure. 

55 [0113] After planarization, of copper 1614, a second hardmask layer 1616, a second TMS 1618 layer, a third hard- 
mask layer 1620 and third TMS layer 1622 are deposited as shown in Fig. 16e. A second lithography and etch forms 
vias 1624 through layers 1616, 1618, 1620 and 1622 down to copper layer 1614 as shown in Fig. 16f, In Fig. 16g, a 
third lithography and etch forms a second set of gaps 1626. Gaps 1626 define a second set of metal lines and vias 
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mJJZZZZZX metal ,ines and ,he first set of me,al lines defined b * 

--in^ 

cep able wlJTo^^^cf h d6ViCeS ,hat USe C0 PP er ^connects because there is currently no ac- 

ZS^Z^^ZZ^tr? by damascene processes do not require a die,ecwc 

meZs^i ^HT? emb0diments of *• P-sent invention! many other equivalent or alternative 
E^^^Sl^S^ T* ° Xide ' ayer aCC ° rdi " 9 ,0 ,he " resent inven «°" w ill be apparent to 
invention mat " 6S ^ are intended to be included wrthin the scope of the present 



Claims 

(a) flowing a process gas into the substrate processing chamber 

c l e nS S i', S,rate ,0 ^ ' ayer ° V6r ,he SUbstra,e with saW P ra <*ss 9as; 

(c) densifymg said layer; and . 

(d) thereafter, curing the layer. 

2. The method of claim 1 wherein said densfiying includes heating the substrate in a reducing atmosphere. 

3. The method of claim 2 wherein satf reducing atmosphere comprises ammonia (NH 3 ) or hydrogen (H 2 ). 

^ S^i^'SSS^ atm ° SPhere C ° mPriSeS ™* - •■»»— 0' ^tween 

S ' ■ «r ° laim 4 WhSrein jS hea,ed ,0 3 °< b ««™ ™ and 500-C during said 

6- The method of Cairn 5 wherein the substrate is heated for between 1 and 5 minutes during said densification. . 

7. The method of any of the above claims, wherein the curing is done in a furnace. 

8 ' l^tns mltls Claim 7 Wh6rein SaW CUrin9 h6a,S the SUbs,ra,e ,0 a ^P-ature between 300 and 500»C for at 

9 " slTca^brnd. 0 ' ^ ab ° Ve ClaimS ' Wh6rein S3id Pr0CeSS «*» ^ « ^nosilane having a, least one 

11. The method of claim 1 wherein said process gas further comprises ozone. 

12. The method of claim 1 wherein said substrate is heated to a temperature of less than about 250°C. 

1 3. A substrate processing system comprising: 

a housing defining a process chamber; 

a substrate holder, adapted to hold a substrate during substrate processing- 

a heater, operatively coupled to heat said substrate holder 

a con, d n < i! IV 7 SyStem „ confiQured ,0 in 'r°du C e gases into said process chamber; 
a controller for controlling said gas delivery system and said heater and ' 

a memory coupled to said controller comprising a computer-readable medium having a computer-readable 
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• program embodied therein for directing operation of said controller, said computer-readable program including 
a first set of instructions to control said gas delivery system to flow a process gas into the substrate processing 
chamber; 

a second set of instructions to control said heater to heat the substrate holder to form a carbon-doped silicon 
^ oxide layer over the substrate with said process gas; and 

a third set of instructions to control said substrate processing system to density said carbon-doped silicon 
oxide layer. 

14. A computer readable storage medium having a computerrreadable program embodied therein for directing oper- 
io ation of a substrate processing system including a process chamber; a substrate holder; a heater, operatively 

coupled to heat said substrate holder; a gas delivery system configured to introduce gases into said process 
chamber, said computer-readable program including instructions for operating said substrate processing system 
to form an insulation layer over a substrate disposed in the processing chamber in accordance with the following: 

*s flowing a process gas into the substrate processing chamber; 

heating the substrate to form a carbon-doped silicon oxide layer over the substrate with said process gas; and 
densifying said carbon-doped silicon oxide layer. 
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